1. Introduction {#sec1-ijms-20-03896}
===============

Protein aggregation consists of any association of proteins into larger structures with non-native conformation \[[@B1-ijms-20-03896]\]. Aggregates can have either an amorphous or a highly ordered structure (amyloid). The presence of aggregates is generally indicative of proteostasis imbalance, either due to insufficient proteostasis or to disrupted chaperone capacity. Aggregates can also be a response to cellular stress related to environmental changes \[[@B2-ijms-20-03896]\] ([Figure 1](#ijms-20-03896-f001){ref-type="fig"}).

The intrinsic parameters of protein aggregation are not fully understood, but the ability of certain proteins to aggregate more readily compared to others has been known for a while. Intrinsic aggregation capacity can be obvious, as in the case of peptide poly(Q) tracts that form high molecular weight aggregates in some neurodegenerative diseases (including Huntington's disease). Such aggregates exhibit a fibrillar or ribbon-like morphology, reminiscent of prion rods and amyloid-β (Aβ) fibrils in Alzheimer's disease (AD) \[[@B3-ijms-20-03896]\]. Aggregation is controlled in vitro, not only by poly(Q) tracts length (51--122 glutamines causing huntingtin's aggregation in vitro), but also by protein concentration and reaction time \[[@B4-ijms-20-03896]\]. In addition, most proteins contain one or more aggregation prone-regions (APR), which are protected from aggregation by protein interactions or by specific structural features (e.g., burying into a hydrophobic core) in physiological conditions \[[@B5-ijms-20-03896]\].

However, the aggregation of proteins without any obvious features is intriguing. An interesting study used three different stress agents: Arsenite, a toxic metalloid, hydrogen peroxide (H~2~O~2~), a ubiquitous oxidative stress agent, and azetidine-2-carboxylic acid (AZC), a proline analog whose incorporation into proteins provokes conformation alterations, misfolding, and aggregation \[[@B6-ijms-20-03896],[@B7-ijms-20-03896]\]. The authors identified that despite distinct stress conditions with distinct mechanisms of action, some of the proteins that aggregate are of similar types, suggesting that proteins within aggregates are intrinsically aggregation-prone \[[@B7-ijms-20-03896]\]. Indeed, it appears that aggregation prone proteins like PrP^C^ (the prion protein) or Shadoo (also a member of the prion protein family) exhibit large intrinsically disordered domains (IDDs). The resulting conformational plasticity is likely to offer a wide range of interacting possibilities for these proteins, thereby regulating their localization and aggregation propensity \[[@B8-ijms-20-03896],[@B9-ijms-20-03896],[@B10-ijms-20-03896]\]. Several computational approaches have tried to question the intrinsic determinisms of aggregation. Noticeably, the Waltz algorithm was developed to try to predict amylogenic regions in protein sequences, based on a scoring matrix deduced from the biophysical and structural analysis of previously characterized hexapeptides with amyloid properties \[[@B11-ijms-20-03896]\]. Based on the accuracy of their pWALTZ prion prediction method derived from Waltz, Sabate and co-workers recently suggested a model for prion formation that depends on the presence of specific short sequence elements, embedded in intrinsically Q/N-rich regions, with high amyloid propensity \[[@B12-ijms-20-03896]\].

Interestingly, the aggregation of globular proteins into amyloids from a native or native-like state has also been described. In such cases, aggregation-prone states can be reached from native-like conformations after small temperature or pH changes, or stress modulations in general, without the need to cross the energy barrier to unfold \[[@B13-ijms-20-03896]\]. Several examples in the literature illustrate this fact, such as the aggregation of one of the acylphosphatases from the *Drosophila melanogaster* (AcPDro2) \[[@B13-ijms-20-03896]\], the human lysozyme aggregating through a nucleation-dependent growth process \[[@B14-ijms-20-03896]\], the globular acylphosphatase from *Sulfolobus solfataricus* (forming aggregates in which the monomers maintain their native-like topology \[[@B15-ijms-20-03896]\]), and the transthyretin-like domain of human carboxypeptidase D (h-TTL), a monomeric protein with homology to human transthyretin that aggregates under close to physiological conditions \[[@B16-ijms-20-03896]\]. Another example is the src tyrosine kinase SH3 domain, whose aggregation-prone state favors a domain swap that allows amyloid formation \[[@B17-ijms-20-03896]\]. In such cases, the free energy gap between the native and the aggregation-prone state is an essential determinant of the aggregation propensity of the proteins \[[@B14-ijms-20-03896],[@B17-ijms-20-03896]\]. Moreover, even though unfolded proteins have a high capacity to aggregate, the residual aggregation potential of proteins within a folded state may be physiologically relevant and play a role in several clinical situations \[[@B13-ijms-20-03896],[@B14-ijms-20-03896],[@B16-ijms-20-03896]\].

Protein aggregation is obviously related to several human pathological situations. Amyloidoses, for example, are a group of diseases originating from the aggregation of oligomers into amyloid fibrils that deposit in tissues and are, in turn, toxic to the cells. Which of the oligomers or the fibrils are the most toxic to cells is still a matter of debate. Further, well-known neurodegenerative diseases, including Alzheimer's (AD), Parkinson's (PD), and motor neuron diseases, appear to be a consequence of protein aggregation in neurons, leading to toxicity and neuronal cell death. Although pathological protein aggregation may have different causes, the chronic disturbance of cellular homeostasis (due to exogenous pollutants, or aging for example) is likely to play a major role by modifying the physico-chemical equilibrium and influencing protein folding and aggregation. Redox perturbations, in particular, have long been linked to protein aggregation diseases.

Reactive oxygen species (ROS) are normal by-products arising from various cellular reactions, mostly during electron transport in mitochondria or chloroplasts. Intracellular ROS levels are maintained low within cells, ensuring redox homeostasis for proper cellular chemical reactions. Oxidative stress occurs when the ROS concentration is excessive regarding the antioxidant capacities of the cell, leading to the oxidation of cellular molecules and their alteration \[[@B18-ijms-20-03896]\]. Proteins appear to be a major target for oxidation due to their elevated quantities compared to other cell components and also due to their high reactivity with ROS \[[@B19-ijms-20-03896]\]. Proteins are susceptible to ROS modifications of amino acid side chains that alter their structure.

We provide here a review of recent data on the functional links between oxidative stress and protein aggregation.

2. Oxidative Stress Can Produce Aggregation: A Mechanistic View {#sec2-ijms-20-03896}
===============================================================

2.1. Oxidation of Critical Amino Acids Induces Structural Changes within Proteins, Leading to Aggregation {#sec2dot1-ijms-20-03896}
---------------------------------------------------------------------------------------------------------

### 2.1.1. Cysteine Oxidation {#sec2dot1dot1-ijms-20-03896}

Among the amino acids, cysteine (Cys) possesses a thiol group, which is highly nucleophilic. This structural feature makes cysteine particularly prone to oxidation by ROS. Amorphous aggregation of γ-cristallins is the cause of cataracts, a widespread disease among seniors. Internal disulfide bond formation between Cys32 and Cys41 due to oxidation was found necessary and sufficient to provoke aggregation under physiological conditions, likely by stabilizing an unfolded intermediate prone to protein--protein interaction between an extruded hairpin and a distal β-sheet in the γD-crystallin \[[@B20-ijms-20-03896]\].

Being essential for serotonin synthesis, Tryptophan hydroxylase 2 (TPH2) is considered a phenotypic marker for serotonin neurons. Known to be extremely labile to oxidation, TPH2 aggregates through both intra- and inter-molecular disulfide cross-linking upon oxidation of cysteines \[[@B21-ijms-20-03896]\]. Accordingly, in a systematic cysteine-mutagenesis approach, a single cysteine out of 13 was found sufficient for aggregation, whereas only cysteine-less mutants were found resistant to aggregation upon oxidation, thereby indicating that cysteines are necessary for the responses of TPH2 to oxidation. These results led the authors to hypothesize that redox homeostasis changes occurring during Parkinson's disease might be involved in disulfide links in TPH2, causing TPH2 to shift from a soluble compartment to large inclusion bodies, consequently losing its catalytic function \[[@B21-ijms-20-03896]\].

Alternatively, disulfide bonds can occur in proteins' native structures in physiological conditions. Disulfide-rich domains (DRDs) are peptide domains whose native structures are stabilized by covalent disulfide bonds through an oxidative folding reaction. The authors questioned whether this specific folding might be associated with an increased aggregation propensity of DRDs. Among the 97 DRDs analyzed in silico, a majority were intrinsically disordered, but remained more soluble and had fewer aggregating regions than those of other globular domains \[[@B22-ijms-20-03896]\]. This work suggests that DRDs might have evolved to avoid aggregation before proteins acquire their covalently linked native structures or after oxidative stress.

### 2.1.2. Other Aminoacids Involved {#sec2dot1dot2-ijms-20-03896}

Caseins are very abundant in milk as they represent more than 80% of total milk protein content \[[@B23-ijms-20-03896]\]. Inter- and intra- covalent di-tyrosine (di-Tyr) and di-tryptophan (di-Trp) cross-links have been shown to provoke α- and β-casein aggregation, due to the Trp-or Tyr- derived radicals produced by photo-oxidation mediated by riboflavin, a photosensitizing vitamin \[[@B24-ijms-20-03896]\]. Oxygen was found to strongly modulate this phenomenon and to increase protein aggregation by decreasing the overall cross-link formation, but allowing the formation of oxidized Trp, Tyr, Methionine (Met), and Histidine (His) residues \[[@B24-ijms-20-03896]\].

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is involved in energy production and has been shown to convert from its native soluble state into a non-native high molecular weight, which is insoluble, and an aggregated state, during the course of several diseases, including Alzheimer's disease \[[@B25-ijms-20-03896],[@B26-ijms-20-03896],[@B27-ijms-20-03896]\]. Interestingly, methionine, rather than cysteine oxidation, was shown to be a primary cause of GAPDH aggregation, as mutating methionine 46 to leucine rendered GAPDH highly resistant to aggregation after exposure to (3E)-4-ethyl-2-hydroxyimino-5-nitro-3-hexenamide (NOR3), a potent oxidative agent driving GAPDH aggregation \[[@B25-ijms-20-03896],[@B28-ijms-20-03896],[@B29-ijms-20-03896]\]. In this case, the authors propose that methionine oxidation represents a "linchpin", a permissive event for subsequent misfolding and aggregation \[[@B28-ijms-20-03896]\].

It appears that protein residue oxidation, including the resulting disulfide bonds between cysteines, is not directly responsible for aggregation, per se, but in most cases induces limited or extensive unfolding of the surrounding environment of the protein. This further favors protein--protein interactions and aggregation, as summarized in [Table 1](#ijms-20-03896-t001){ref-type="table"}.

2.2. Role of Metals {#sec2dot2-ijms-20-03896}
-------------------

Metals' contributions to Fenton's or Haber-Weiss' reactions have been described for a number of years, as they lead to highly reactive ROS that can be deleterious to cell components. In particular, they are responsible for amino acid oxidation. The involvement of metals in various pathological situations has also been recognized \[[@B30-ijms-20-03896]\].

Parkinson's disease pathology involves misfolding and aggregation of the presynaptic protein α-synuclein, together with an alteration of the homeostasis of brain metals, including iron. A recent analysis of iron's role in the aggregation and secondary structure of N-terminally acetylated α-synuclein (^NAc^αS), the pathologically relevant form in PD, revealed the importance of oxidation in the phenomenon \[[@B31-ijms-20-03896]\]. The sole addition of iron(II) in presence of oxygen was shown to induce an antiparallel right-twisted conformation of ^NAc^αS, and generate the oligomer-locked ^NAc^αS−Fe^II^/O~2~ conformation, thus initiating oligomer formation but preventing further processing into fibrils. This was not observed in the absence of oxygen. In contrast, the addition of iron(III) led to the formation of fibrils in the presence of oxygen. Thus, the iron oxidation status in the presence of oxygen differentially controls aggregation. This may have physiological or pathological implications \[[@B31-ijms-20-03896]\].

Particular mutations in the Apolipoprotein A-I (APOA1) gene provoke hereditary amyloidosis. Interestingly, Fe(II) can reduce the formation of fibrillar APOA1 species, as opposed to Fe(III), which enhances their formation in vitro \[[@B32-ijms-20-03896]\]. The increased levels in Fe(III) compared to Fe(II) under particular oxidative physiological conditions, e.g., in older patients or in presence of air pollutants, might thus contribute to the development of amyloidosis and possibly other diseases involving protein aggregation \[[@B32-ijms-20-03896]\].

Several studies have demonstrated amyloid-β-mediated ROS production in the presence of Cu ions, and mechanisms that can generate a superoxide anion (O~2~• −), hydrogen peroxide (H~2~O~2~), and a hydroxyl radical (HO•) have been proposed \[[@B33-ijms-20-03896],[@B34-ijms-20-03896]\]. The Amyloid-β peptide (Aβ) is produced after cleavage of the transmembrane Amyloid Precursor Protein (APP) by β- and γ-secretases. Aβ is thus released in the extracellular space. Its accumulation and aggregation are a hallmark of Alzheimer's disease (See [Figure 2](#ijms-20-03896-f002){ref-type="fig"}). A recent work identified that Cu(I) or Cu(II) cations predominantly bind the M1 site located in domain E2 of APP, with a comparablely high affinity (picomolar) being liganded by four histidine residues. Cu(II) binding to M1 was found to stabilize E2 but also alters its structural conformation into a more open state \[[@B35-ijms-20-03896]\]. The authors demonstrated the aerobic catalytic oxidation of ascorbate, an abundant antioxidant molecule in the central nervous system, by the Cu-E2 complex, with an experimental set up close to physiological conditions. APPβ might thus play the role of redox catalyst in vivo and cause protein damage, as observed in brain tissues from Alzheimer's patients \[[@B35-ijms-20-03896]\].

2.3. Carbonylation Leads to Aggregation {#sec2dot3-ijms-20-03896}
---------------------------------------

Carbonylation is a particular type of oxidation involving the irreversible addition of a carbonyl group (CO) into proteins. The ROS-mediated carbonylation of proteins mainly affects lysine, arginine, threonine, and proline residues \[[@B38-ijms-20-03896]\] and was frequently reported in chronic inflammatory diseases \[[@B39-ijms-20-03896],[@B40-ijms-20-03896]\]. Protein carbonylation is commonly considered a standard marker of oxidative stress. While carbonylation is reported as having a role in protein quality control, in tagging damaged proteins for degradation with the 20S proteasome (via an unresolved mechanism), excessive carbonylation has been shown to be responsible for protein aggregation, especially when proteasome activity is impaired \[[@B41-ijms-20-03896]\]. However, few publications provide mechanistic insight into how protein carbonylation causes aggregation. A recent report indicated that these specific modifications are also associated with physiological aging and favor the formation of denser and more compact aggregates, including several proteins previously reported for their aggregation propensity \[[@B42-ijms-20-03896]\]. Inducing carbonyl stress in young mice increased protein aggregation, similar to the aggregation naturally observed in old mice, indicating that post-translational oxidative alterations are responsible for increased protein aggregation \[[@B42-ijms-20-03896]\]. Despite evidence that carbonylation leads to aggregation, to our knowledge, no direct mechanism has been explicitly reported.

Recent attention has been paid to reactive dicarbonyl species, such as methylglyoxal (MGO) and glyoxal (GO), considered to be side-products of several metabolic pathways, as they produce specific oxidative modifications of proteins, mainly reacting with lysine and arginine \[[@B43-ijms-20-03896]\]. These oxidative modifications, including carbonylation, are subsequently responsible for secondary and tertiary structure alterations and the formation of high molecular mass protein aggregates and may have an underestimated role in several proteinopathies, including Alzheimer's and Parkinson's diseases.

2.4. Protein Oxidation Influences Aggregation by Modulating Chaperone Protein Activity {#sec2dot4-ijms-20-03896}
--------------------------------------------------------------------------------------

Oxidation-induced structural changes in proteins may also prevent specific interactions with partners. A very interesting case has been described recently, with the nucleotide exchanger and co-chaperone Mge1 within the mitochondria. Mge1 is actually modified by persistent oxidative stress, and methionine 155, in particular, can be reversibly oxidized into methionine sulfoxide. As a result, due to local structural changes in Mge1 binding to its partner, the heat shock protein 70 (Hsp70) is defective. Hsp70 is a central heat-shock protein involved in controlling protein folding and plays an important role in ensuring proteostasis. If not reduced by the endogenous methionine sulfoxide reductase, the oxidized Mge1 aggregates into amyloid-type particles. Interestingly, the authors noticed that highly oxidized Mge1 actually increased the binding capacity of Hsp70 to a denatured protein, suggesting that the oxidation-induced defective binding of Meg1 to Hsp70 and MgeI aggregation may protect the cells from the aggregation of other proteins in an oxidative stress context \[[@B44-ijms-20-03896]\]. It is interesting to note that some isoforms of Hsp70 are stress-modulated. For instance, oxidants like methylene blue and hydrogen peroxide inactivate Hsp72, possibly due to the oxidation of two specific cysteine residues resulting in structural changes within the nucleotide-binding domain. Noticeably, this oxidation-induced inactivation of Hsp72 is associated with decreased levels of tau in several Alzheimer's disease models. The authors suggest that Hsp72 inactivation could clear the cytosol from misfolded Hsp72 substrates like tau, even though the mechanism remains unclear \[[@B45-ijms-20-03896]\].

Tsa1 is a surprising protein that exhibits a double role, acting as a peroxidase but also as a chaperone for aggregated proteins---specifically, by chaperoning misassembled ribosomal proteins, thereby preventing toxicity to arise from aggregation \[[@B46-ijms-20-03896]\]. It is noticeable that the absence of Tsa1 both provokes an increase in \[H~2~O~2~\] and the accumulation of aggregated proteins in the meantime \[[@B47-ijms-20-03896]\]. This dual role might argue for a strong functional connection between oxidative stress and protein aggregation.

2.5. Protein Oxidation Influences Aggregation by Perturbing the Translational Process {#sec2dot5-ijms-20-03896}
-------------------------------------------------------------------------------------

Yeast Sup35 is a translation termination factor well known for its capacity to form a prion (i.e., a self-perpetuating amyloid aggregate), in response to environmental or cellular factors. This prion is called \[*PSI+*\] \[[@B48-ijms-20-03896]\]. When aggregated into \[*PSI+*\], Sup35 loses its function in translation termination, and an elevated read-through of the stop codons occurs, thereby generating C-terminally extended polypeptides. Following exposure to H~2~O~2~, \[*PSI*^+^\] formation was shown to occur with increased frequency, possibly linked to the oxidation of methionine residues \[[@B49-ijms-20-03896]\]. As a consequence, exposure to oxidative stress perturbs the translational process through titration of Sup35.

Defective mRNAs are normally handled by mRNA quality control systems within cells, among which the non-stop decay (NSD) pathway and the no-go decay (NGD) pathways prevent the production of abnormal, potentially aggregation-prone proteins. Interestingly, NSD components (e.g., Ski7) and NGD components (e.g., Dom34/Hbs1) were recently shown to be required during oxidative stress \[[@B50-ijms-20-03896]\]. Moreover, overexpression of Sup35 actually decreases stop codon read-through and improves the tolerance of yeast cells to oxidative stress, thus providing an unanticipated link between oxidative stress tolerance and NSD, as NSD substrates noticeably accumulate as a consequence of \[*PSI*^+^\] formation after oxidative stress \[[@B50-ijms-20-03896]\].

2.6. Oxidative Stress Contributes to Aggregation by Modulating the Proteasome and Autophagy Capacity {#sec2dot6-ijms-20-03896}
----------------------------------------------------------------------------------------------------

Proteasomes are central players of the Ubiquitin--Proteasome System (UPS), which ensures the quality control of proteins. The 20S proteasome, constituting 28 subunits, is considered the "core" proteasome and is involved in unfolded, misfolded, or intrinsically disordered or oxidized protein removal by proteolytic degradation. Ubiquitination is not needed for degradation by the 20S proteasome, unlike the 26S proteasome. Several other proteasome components regarded as regulators have been characterized, including the 19S proteasome. Obviously, increasing 20S proteasome activity in pathogenic conditions due to protein aggregation might be of interest. The small, imidazoline-derivative molecule TCH-165 was shown to increase 20S proteasome levels to the detriment of the 26S proteasome, resulting in the enhanced proteolysis of intrinsically disordered proteins. These include aggregation-prone proteins such as α-synuclein and tau, whose aggregation are hallmarks of Parkinson's and Alzheimer's diseases, respectively, and proto-oncogenes, such as ornithine decarboxylase and c-Fos. Noticeably, high concentrations of this molecule resulted in the accumulation of ubiquitinated substrates \[[@B51-ijms-20-03896]\].

Similarly, proteasome impairment has been shown to favor the accumulation and aggregation of aggregation-prone proteins \[[@B52-ijms-20-03896],[@B53-ijms-20-03896],[@B54-ijms-20-03896],[@B55-ijms-20-03896]\]. UPS disturbances have been correlated with the spreading of diseases involving protein aggregation, including Alzheimer's, Parkinson's, and Huntington's diseases, as well as amyotrophic lateral sclerosis (ALS). ALS, in particular, is characterized by ubiquitinated proteic inclusions.

For our current focus, it is worth noticing that the UPS is actually redox regulated, and S- glutathionylation, specifically, has been involved in the post-translational control of proteasome activity. For example, 20S glutathionylation was shown to be responsible for increased proteolytic activity \[[@B56-ijms-20-03896]\], favoring the removal of oxidized or unstructured proteins in stressful situations. After an acute oxidative event, a coordinated response involving poly\[ADP-ribose\] polymerase 1 (PARP-1) activation and a ubiquitination block, followed by the inactivation of the proteolytic capacity, occurs, before massive de novo synthesis of proteasome players and consequently increased proteolytic activity \[[@B57-ijms-20-03896]\]. In contrast to 20S, 26S proteolytic activity was reduced in oxidative conditions. Indeed, the S-gluthationylation of a regulatory subunit of the 19S proteasome, resulting in diminished 26S proteasome activity, was observed in the presence of chronically increased hydrogen peroxide concentrations both in vitro and in cellulo \[[@B58-ijms-20-03896]\]. These data might reveal differential redox regulations for the proteasome's components. Under normal physiological conditions, the oxidized proteasomes (ubiquitin-dependent proteolytic 20S core and regulatory 19S) are S-glutathionylated, as evidenced in several cellular contexts \[[@B56-ijms-20-03896],[@B58-ijms-20-03896],[@B59-ijms-20-03896],[@B60-ijms-20-03896]\].

It is also interesting to report here that the anti-malaria drug dihydroartemisinin, an artemisinin derivative used in clinics, acts by inhibiting the parasite's proteasome, possibly through oxidative damage to the proteasome \[[@B61-ijms-20-03896]\].

Thus, chronic oxidative stress favors protein aggregation through by impairing proteasome capacity ([Figure 3](#ijms-20-03896-f003){ref-type="fig"}). In addition, the slow and gradual accumulation of aggregates during aging has been observed. These aggregates are composed of oxidized proteins (including carbonylated aggregates) due to proteins escaping the UPS and are suggested to bind the proteasome and inhibit its function \[[@B62-ijms-20-03896],[@B63-ijms-20-03896]\], thereby fostering this aggregation loop.

Autophagy is a cellular process that allows the recycling of cellular components, such as proteins or organelles, through a lysosome-mediated catabolic pathway. Particular types of autophagy are primarily distinguished (macroautophagy, chaperone-mediated autophagy, microautophagy) by how target substrates are recognized and delivered to lysosomes. More specifically, autophagy is central in eliminating the substrates that will ultimately give rise to amyloids and fibrils in several neurodegenerative diseases (Aβ peptide and tau protein in AD \[[@B64-ijms-20-03896],[@B65-ijms-20-03896]\], alpha-synuclein in PD \[[@B66-ijms-20-03896]\], mutated huntingtin in Huntington disease \[[@B67-ijms-20-03896]\], and superoxide dismutase 1 (SOD1) in ALS \[[@B68-ijms-20-03896]\]). Accordingly, mice deficient in autophagy show neurodegenerative disorders, and defects in autophagy have been associated with various human neurodegenerative diseases \[[@B69-ijms-20-03896],[@B70-ijms-20-03896],[@B71-ijms-20-03896],[@B72-ijms-20-03896],[@B73-ijms-20-03896]\].

Redox regulation of autophagy has been suggested, as antioxidant treatments actually prevent autophagy \[[@B74-ijms-20-03896]\]. This type of regulation was proposed by several authors \[[@B75-ijms-20-03896],[@B76-ijms-20-03896],[@B77-ijms-20-03896],[@B78-ijms-20-03896],[@B79-ijms-20-03896]\]. Interestingly, recent work identified that the absence of the glutathione reductase *gsr-1* gene leads to major redox homeostasis unbalance in the model organism, *Caenorhabditis elegans*, and is also responsible for autophagy impairment by preventing the nuclear translocation of a key transcription factor, HLH-30/TFEB. In addition, the aggregation of both homologous and heterologous proteins (Aβ peptide (AD), α-synuclein:: YFP (PD), and Q40::YFP (Huntington disease) expressed in *C. elegans* was increased. This study reveals a glutathione-dependent regulation of autophagy, allowing the control of protein aggregation, a process also conserved from lower eukaryotes to mammals \[[@B80-ijms-20-03896]\]. Recently, several drugs were developed to modulate autophagy in search of therapeutic improvement in neurodegenerative disorders. Noticeably, Rapamycin targets mTor, a master regulator of cell growth and metabolism. Rapamycin activates autophagy and lysosomal biogenesis \[[@B81-ijms-20-03896]\] and, furthermore, was shown capable of reducing Aβ accumulation and improving cognitive impairments in a transgenic mouse model by increasing autophagy \[[@B82-ijms-20-03896],[@B83-ijms-20-03896]\]. Autophagy activation by rapamycin in neurons was also shown to favor the clearing of intracellular aggregates of misfolded prion proteins and to reduce neurotoxicity \[[@B84-ijms-20-03896]\]. The rapamycin derivative, Rilmenidine, which is protective against oxidative cytotoxicity \[[@B85-ijms-20-03896]\], was also shown to increase autophagy, despite failing to decrease the accumulation and aggregation of SOD1 in a mouse ALS model \[[@B86-ijms-20-03896]\]. Another rapamycin derivative, biolimus, was also shown to be capable of activating autophagy efficiently in smooth muscle cells \[[@B87-ijms-20-03896]\]. Most of these drugs have been shown to play on the oxidative balance within cells. Nevertheless, whether the effect of these drugs on protein aggregation is related to redox modulation has not been consistently characterized.

3. Aggregation Can, in Turn, Produce Oxidative Stress, or Protect Against Oxidative Insults {#sec3-ijms-20-03896}
===========================================================================================

3.1. Pro-Oxidative Effects {#sec3dot1-ijms-20-03896}
--------------------------

As noticed previously, the yeast peroxiredoxin Tsa1 acts both as a chaperone and an ROS scavenger. The proline analogue azetidine-2-carboxylic acid (AZC) induces aggregation in yeast cells, and yeast mutants lacking *TSA1* are highly sensitive to AZC-induced misfolding. The toxicity of AZC is actually related to ROS accumulation, as decreasing ROS levels prevents sensitivity to AZC. Interestingly, inhibiting nascent protein synthesis with cycloheximide rescues the *tsa1* mutant sensitivity to AZC, confirming that aggregation in this case causes ROS production \[[@B47-ijms-20-03896]\].

ROS production due to mitochondrial dysfunction was often found to be associated with protein aggregation, as in the case of Huntington's \[[@B88-ijms-20-03896],[@B89-ijms-20-03896]\] or Alzheimer's disease \[[@B90-ijms-20-03896]\]. Alpha--synuclein aggregation is a hallmark of Parkinson's disease, as previously explained, and is known to influence mitochondrial morphology, interrupting ER--mitochondria communication \[[@B108-ijms-20-03896],[@B109-ijms-20-03896],[@B110-ijms-20-03896]\] and modulating mitochondrial fragmentation \[[@B111-ijms-20-03896]\], even though the molecular determinants of these changes are not very clear. The preferential binding of pathological alpha--synuclein aggregates to mitochondria was recently identified in neurons \[[@B91-ijms-20-03896]\], and this process was accompanied by cellular respiration defects, suggesting mitochondrial dysfunction and leading to the hypothesis of a direct mitochondrial impairment by alpha-synuclein aggregates, inducing ROS production.

RNA aptamers are synthetic nontoxic and non-immunogenic RNA oligonucleotides able to bind a specific target and can thus be used as therapeutic weapons. For instance, specific RNA aptamers can efficiently inhibit aggregation of mutant huntingtin, with a pathogenic polyglutamine stretch, by stabilizing the monomer both in vitro and in cellulo. Oxidative stress is a hallmark of Huntington's disease and has been shown to occur in cells exposed to mutant huntingtin aggregates. Whether it is a cause or a consequence of the disease is not yet clear. However, it is interesting to note that RNA aptamers inhibiting mutant huntingtin's aggregation lead to reduced oxidative stress levels in cellular models \[[@B92-ijms-20-03896]\]. The authors smartly engineered cells expressing RNA aptamers under the control of an oxidative stress-inducible promoter. A nine-fold increase in aptamer expression occurred in mutant huntingtin-expressing cells, which consequently reduced mutant huntingtin aggregation in these cells. As a consequence, oxidative stress levels were also reduced, so RNA aptamer expression was also, in turn, reduced \[[@B93-ijms-20-03896]\]. This smart design unambiguously demonstrates that protein aggregation is responsible for intracellular oxidative stress production in this context. Accordingly, mitochondrial dysfunction was also reduced using this particular experimental design, indicating that ROS production is likely related to mitochondrial impairment \[[@B93-ijms-20-03896]\].

Human Amylin (hA) is a 4 kDa pancreatic hormone, synthesized and secreted along with insulin by islet beta cells. Like other amyloid proteins, it is prone to aggregation and remains a hallmark of type-2 diabetes mellitus \[[@B96-ijms-20-03896]\]. Previous studies indicated that either exposure of beta cells to hA or hA-overexpression in cells results in intracellular ROS accumulation, supporting the hypothesis that hA aggregation might be a cause of oxidative stress \[[@B94-ijms-20-03896]\], possibly through mitochondrial dysfunction \[[@B95-ijms-20-03896]\]. Recent work identified that a misfolded amylin actually activates an upstream apoptosis signal regulating kinase-1 (ASK1), with a concomitant decrease in the intracellular levels of reduced glutathione \[[@B96-ijms-20-03896]\]. Moreover, the pro-oxidative activity and expression of a plasma membrane bound NADPH oxidase (NOX) and its regulatory subunits were stimulated, suggesting that NOX1 and ASK1 mediate the cytotoxic effect of aggregated hA in pancreatic beta-cells \[[@B96-ijms-20-03896]\]. Interestingly, NOX had also been previously identified as a main ROS producer in cultured neurons exposed to amyloid-β peptides \[[@B97-ijms-20-03896],[@B98-ijms-20-03896]\].

Stabilizing α-synuclein monomers also proved to decrease the growth of misfolded cytotoxic aggregates and consequently reduced oxidative damage to the cells by limiting the binding of aggregates to the cell membrane \[[@B99-ijms-20-03896]\]. Thus, a membrane's structure seems to play an important role in oxidative stress production in response to protein aggregation, possibly involving membrane bound oxidases for ROS production, as a consequence of aggregates binding to the membrane.

3.2. Anti-Oxidative Effects {#sec3dot2-ijms-20-03896}
---------------------------

Even though the role of aggregates in ROS production was unambiguously demonstrated through obvious examples, other findings describe how aggregates can also "buffer" oxidative effects. Surprisingly, 40-aminoacids, as well as 28-aminoacids amyloid-β peptides (Aβ~1--40~ or Aβ~1--28~), either soluble or aggregated, revealed potent anti-oxidant activity in cell-free systems, despite their accumulation and aggregation being a hallmark of Alzheimer's disease, which is also characterized by chronic oxidative stress \[[@B100-ijms-20-03896],[@B101-ijms-20-03896]\]. The authors suggest that peptides might first chelate metal ions, including Zn(II), Cu(II), and Fe(II), as previously suggested by other authors \[[@B102-ijms-20-03896],[@B103-ijms-20-03896],[@B104-ijms-20-03896]\], which would inhibit Fenton's reaction, and then scavenge radicals by oxidation of His and Tyr residues \[[@B100-ijms-20-03896],[@B101-ijms-20-03896]\]. Whether a peptide with similar His and Tyr residue content are also capable of "buffering" free radicals would be worth testing. A more recent study reported similar anti-oxidant activity of amyloid-β aggregates. Overexpression of 21 variants of the amyloid-β 42 peptide fused with GFP in yeast (covering a broad range of intrinsic aggregation propensities) led to various levels of intrinsic oxidative stress production \[[@B105-ijms-20-03896]\]. A striking correlation was observed---the more aggregation-prone the mutated GFP-Abeta is, the less oxidative stress is produced, suggesting that large insoluble aggregates might act to limit cellular oxidative stress. An aggregation propensity threshold could be defined, above which proteins with a high aggregation propensity accumulate into foci. The authors then suggested that protein foci formation is an active ATP-dependent process, which might serve as a protective mechanism against oxidative stress damage, despite its high energetic price \[[@B106-ijms-20-03896]\].

Similarly, it is noteable that \[*PSI+*\] formation has been reported as protective against oxidative stress, as antioxidant enzyme-lacking yeasts become more sensitive to H~2~O~2~ when \[*PSI+*\] is eliminated \[[@B107-ijms-20-03896]\].

Finally, Carija et al. propose that different kinds of aggregates have different effects on ROS levels, as small particles called "diffuse" aggregates are associated with increased intracellular oxidative stress, whereas larger protein inclusions are not \[[@B105-ijms-20-03896]\]. Similar conclusions were previously reached, that hydrogen peroxide is generated during the early stages of protein aggregation in the course of Alzheimer's disease pathogenesis, possibly by an early form of protein aggregation, in the absence of a mature amyloid fibril \[[@B112-ijms-20-03896]\].

4. Aggregation and Oxidation can be Parts of a Vicious Circle {#sec4-ijms-20-03896}
=============================================================

In about 12% of familiar and 1.5% of sporadic cases of ALS, mutations in the superoxide dismutase 1 (SOD1), a major player in ROS detoxification, are found. The misfolding and aggregating of SOD1 are considered a hallmark of the disease \[[@B113-ijms-20-03896]\]. A mutated version of SOD1 named SOD1^A4V^ is particularly aggregation-prone. Its expression is associated with a profound disturbance of free ubiquitin distribution within the cells, and with UPS dysfunction. These data suggest that protein aggregation, per se, might cause UPS disturbance and participate in a vicious circle that eventually prevents the elimination of aggregates \[[@B114-ijms-20-03896]\]. Because SOD1 is a major player in ROS detoxification, and its absence is responsible for increased oxidative stress, the latter being suggested to play a key role in ALS progression \[[@B115-ijms-20-03896],[@B116-ijms-20-03896]\], it is a possibility that oxidative stress plays a role in UPS disturbance in this particular case. Both would participate a vicious circle involving SOD1 aggregation and oxidative stress.

In light of the mechanistic insights described previously, multifunctional modulators that are able to chelate metals and prevent ROS generation and protein aggregation have been designed for several years, in an attempt to develop new therapeutic tools \[[@B117-ijms-20-03896],[@B118-ijms-20-03896]\]. TGR86 is composed of both the metal chelating clioquinol and the antioxidant, epigallocatechin gallate \[[@B119-ijms-20-03896]\]. TGR86 was shown to be capable of both interacting with amyloid-β and efficiently modulating its aggregation and complexing with Cu(II), as well as preventing ROS generation. Another bifunctional molecule, composed of a nitroxide spin label linked to an amyloidophilic fluorine (spin-labeled fluorine, SLF), was recently developed \[[@B120-ijms-20-03896]\]. Using super-resolution confocal microscopy imaging, the authors identified that assembling those two modules within SLF creates a synergistic effect in cultured neurons, preventing the intracellular accumulation of amyloid-β on the one hand, together with the reduction and the scavenging of amyloid-β-induced ROS on the other. Further studies are now needed to evaluate the therapeutic potential of these molecules in Alzheimer's disease.
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![General picture of the protein aggregation process. The unfolded and misfolded monomer structures are aggregation prone. Folded monomers can also aggregate from native-like conformations without going through the unfolded step. The association of several monomers gives rise to oligomeric aggregates with low molecular weight. The addition of oligomers in an ordered manner permits the growth of oligomers to protofibrils and mature fibrils. Amorphous aggregates can arise from the precipitation of monomers or oligomers, possibly leading to protein inclusions.](ijms-20-03896-g001){#ijms-20-03896-f001}

![Amyloid Precursor Protein (APP) processing. (**A**) Cleavage of APP occurs through two pathways. The non-amyloidogenic pathway (grey, left) involves two cleavages by α- and γ-secretases and produces a long APPα fragment, which is secreted. C-Terminal Fragment (CTF)83, 3-kd peptide, (P3), and APP intracellular domain (AICD) fragments are also released. In parallel, the amyloidogenic pathway (pink, right) involves two cleavages by β- and γ-secretases, producing a long APPβ, which is secreted. CTF99, AICD, and Aβ fragments are also produced. In pathological conditions, Aβ peptides accumulate and can ultimately aggregate and form oligomers and fibrils that are toxic for the cells (adapted from \[[@B36-ijms-20-03896]\]). (**B**) Schematic representation of the APPα fragment, produced after cleavage of the APP by α-secretase. The E2 domain is highlighted (green). (**C**) Zooming in on the four cysteine residues involved in the tetra-His M1 site, included in the E2 domain. The Cu cation is pictured as a red ball (adapted from \[[@B37-ijms-20-03896]\] with permission).](ijms-20-03896-g002){#ijms-20-03896-f002}
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Residue oxidation causing protein aggregation.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Protein(s) Involved                                Mechanism                                                                                                                                                           Residue Involved                              Related Disease/Pathway     Reference
  -------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------- --------------------------- --------------------------
  γD-crystallin                                      Cys32--Cys41 internal disulfide bond formation leads to the stabilization of a partially unfolded domain, which is prone to further intermolecular interactions.\   Cysteine                                      Cataracts in older people   \[[@B20-ijms-20-03896]\]
                                                     Internal disulfide bond formation provokes aggregation under physiological conditions.                                                                                                                                                        

  Tryptophan hydroxylase 2 (TPH2)                    Intra- and inter-molecular disulfide bonds responsible for high molecular weight aggregates.                                                                        Cysteine                                      Parkinson's disease         \[[@B21-ijms-20-03896]\]

  Milk caseins                                       Oxidation of Tryptophan, Tyrosine, Methionine, and Histidine residues decreases di-Tyr and di-Trp formation but allows increased protein aggregation.               Tryptophan, Tyrosine, Methionine, Histidine   None                        \[[@B24-ijms-20-03896]\]

  Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)   Oxidation of Methionine allows subsequent misfolding and further aggregation of GAPDH.                                                                              Methionine                                    None                        \[[@B28-ijms-20-03896]\]
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
